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Role of cytosolic Ca2 and protein kinases in the induction of the hsp7O
gene. The role of cytosolic Ca2 ([Ca211) and protein kinases in the
hsp70 induction following heat shock was investigated in cultured rat
proximal tubular epithelial (PTE) cells. Changes in [Ca2]1 were mea-
sured by digital imaging fluorescence microscopy using fura 2. Steady
state levels of hsp70 mRNA were examined by either Northern or dot
blot analyses. [Ca2411 increased within 10 minutes and continued to
increase following heat shock. The increases in [Ca21 were reduced in
nominally Ca2-free media with or without EGTA. [Ca2]1 also in-
creased within 0.5 minutes following ionomycin, but then declined to
normal levels by 1.0 to 1.5 minutes. Heat shock induced hsp70 mRNA
within 15 minutes, which continued to increase up to three hours.
lonomycin also induced hsp70 mRNA, which peaked at 30 minutes, and
gradually decreased thereafter. The hsp70 induction following heat
shock was attenuated when extracellular Ca2 was reduced. Chelation
of [Ca2J1 by quin-2 also reduced the hsp7o induction. Inhibitors of
protein kinases, 1-(5-isoquinolinylsulfonyl)-2-methylpiperazine (H-7),
calphostin C, genistein, and 2-aminopurine, also had inhibitory effects
on the hsp7O induction. In contrast, a calmodulin inhibitor, chlorprom-
azine, had little effect. These results suggest that heat shock increases
[Ca2], in rat PTE cells and that [Ca2*J, and protein kinases are involved
in the hsp70 induction following heat shock.
Exposure of eukaryotic cells to high temperature results in
rapid synthesis of a small set of proteins, called heat shock
proteins, and acute cessation of normal protein synthesis [re-
viewed in 1]. Since this response to heat is highly conserved and
ubiquitous among organisms examined so far, this response is
considered to be essential for cellular survival following heat
shock and other cellular stressors. One of the major heat shock
proteins, HSP7O, is shown to also be induced by various
stresses in addition to hyperthermia, including heavy metals [2],
anoxia [31, and amino acid analogues [4]. HSP7O may function
in the regulation of protein folding and assembly following
stresses. The induction of the hsp7O gene by heat shock is
known to be regulated at both the transcriptional and post-
transcriptional levels [5]. The post-transcriptional regulation of
the hsp7o gene by heat shock is involved in the preferential
translation of heat shock mRNAs [6, 7] and increased stability
of the mRNA [8]. It has been reported that the transcriptional
activation of hsp7O in yeast, Drosophila, and human cells is
regulated by the interaction of the trans-acting transcription
factor, called heat shock factor (HSF), and the heat shock
element (HSE) in the promotor region of the heat shock gene
[9—11], and that phosphorylation of HSF is necessary for
activation [12—15]. Ionized cytosolic calcium ([Ca2]) has been
recently implicated as a possible second messenger of the
cellular response to heat shock. Previous studies have demon-
strated that heat shock results in rapid increases in [Ca2]1 in a
variety of cells [16—19] and that [Ca2]1 elevation may be
associated with modification of inositol lipid metabolism in
some cells [20]. However, the role of [Ca2]1 in heat shock is yet
to be clearly determined; particularly controversial is the effect
of [Ca2]1 on the induction of heat shock proteins. [Ca2]1 is
regulated at approximately 100 nM under physiological condi-
tions in rat proximal tubule epithelial (PTE) cells. Studies from
our laboratory have demonstrated that various types of cell
injury such as HgCl2, inhibition of ATP synthesis, and modifiers
of thiol groups result in increases in [Ca2]1 and that sustained
increases in [Ca2]1 lead to irreversible cellular changes, possi-
bly by activation of phospholipases or proteases [2 1—23]. In this
study, we examined changes in [Ca2], during heat shock in rat
PTE cells using digital imaging fluorescence microscopy
(DIFM), and the effect of [Ca2]1 and protein kinases on the
induction of the hsp7O gene at steady state levels of mRNA.
Methods
Cell cultures
Primary cultures of rat PTE were prepared from four- to
six-month-old, male Fischer F344 rats by collagenase digestion
[24]. For RNA analysis, cells were cultured in DMEMIF12 (1:1
Dulbecco's modified Eagle's medium, Ham's Fl2) (GIBCO,
Grand Island, New York, USA) supplemented with 10% fetal
bovine serum for four days in 10 cm2 plastic dishes in a CO2
incubator at 37°C and then serum-starved in the same medium
with 0.25% fetal bovine serum for an additional one to two days
for growth to be synchronized. At the time of experimentation,
cell cultures were approximately 70% confluent.
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[Ca2 measurement
[Ca2]1 was measured by DIFM in fura-2-loaded PTE grown
on glass coverslips for three days. DIFM studies were per-
formed using a FluoroPlex III (Tracor Northern, Middleton,
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Wisconsin, USA) dual excitation and advanced image analysis
system (TN8502) as described in detail elsewhere [21, 22].
Briefly, PTE cells were loaded with 5 sM fura-2/AM (Molecular
Probes, Eugene, Oregon, USA) for 1.5 hours at room temper-
ature, rinsed well and placed in Sykes-Moore chambers (Beilco
Glass, Vineland, New Jersey, USA) for examination. The
Sykes-Moore chamber was placed in a thermostatically-con-
trolled stage holder which was adjusted to 42 to 43°C for heat
shock treatment. All measurements were performed in Hanks'
balanced salt solution (HBSS). Ca2 calibration was as de-
scribed previously [21, 22] and utilized fura-2-loaded cells treated
with 5 /SM ionomycin + 1.25 m Ca2 or solutions of fura-2 (free
acid) in HBSS 5 mit EGTA [ethyleneglycol-bis-(/3-aminoethyl)-
N,N,N',N'-tetraacetic acid].
To investigate the role of [Ca2]e, three conditions were
used: normal Ca2 (1.37mM); no added Ca2 (2 to 5 sM) termed
"low-Ca2"; and low-Ca2 plus 0.1 mrvt EGTA, termed "Ca2-
free." Cell killing was observed using propidium iodide uptake
after discontinuing [Ca2] measurement [211.
Treatment for mRNA analysis
All cell treatments for mRNA analysis were performed in
Hepes-buffered Krebs-Henseleit buffer (HBKHB) with 1.25
mM CaCl (normal Ca2) unless otherwise mentioned. For heat
treatment, culture dishes were tightly sealed with Paraflim and
floated in a water bath at 42.5°C for up to three hours. For
ionomycin (Calbiochem, San Diego, California, USA) treat-
ment, a 1 m stock solution in DMSO (dimethyl sulfoxide) was
directly added to the medium at a final concentration of 1 M.
Ca2 manipulation. To examine the effects of [Ca2]1 or
extracellular Ca2 ([Ca2]) on hsp7O induction following a
30-minute heat shock, the following media in addition to normal
[Ca2]e (1.25 mM) were used. To minimize [Ca2]e, cells were
heated in HBKHB with no added CaC12 (approximately 5 M
Ca2, termed 1ow-Ca2 HBKHB) or in low-Ca2 HBKHB with
0.1 mM EGTA (Ca2-free HBKHB). To buffer [Ca2]1, cells
were loaded with quin-2/AM (10 m stock solution) for 30
minutes before heat shock treatment.
Inhibitors of protein kinases and calmodulin. To examine the
effects of protein kinases and calmodulin on hsp7O induction
following 30-minute heat shock, 2-aminopurine, H-7, calphostin
C, genistein, or chlorpromazine were added to the medium 15
minutes before heat shock. To prepare stock solutions, all these
compounds were dissolved in DMSO. All these compounds
were purchased from Sigma Chemical Co. (St. Louis, Missouri,
USA).
RNA isolation and Northern hybridization analysis
Total cellular RNA was isolated by the single step method
[25] using RNAzol°' (CINNA/BIOTEX, Friendswood, Texas,
USA). For Northern analysis, RNA samples (10 to 25 g) were
denatured in formaldehyde and fractionated in 1.0% agarose
gels containing 2.2 M formaldehyde. RNA was then transferred
to Genescreen Plus membranes (NEN, Boston, Massachusetts,
USA) according to the manufacturer's recommended condi-
tions in X10 SSC (Xl SSC = 0.15 M sodium chloride, 0.15 M
sodium citrate) and then baked for two hours at 75°C. The
membranes were hybridized at 65°C overnight in the solution
which was composed of 0.5 M Na2HPO4 (pH 7.0), 1 mM EDTA,
1% BSA (bovine serum albumin) and 7% SDS (sodium dodecyl
sulfate), according to the method of Church and Gilbert [26].
After hybridization, the membranes were washed at 65°C for 30
minutes in a solution of 40 mrs Na2HPO4, 0.5% BSA, 5% SDS
and 1 ifiM EDTA, and then for one hour in a solution of 40 mM
Na2HPO4, 1% SDS and 1 m EDTA [26]. The membranes were
exposed to KODAK XAR film at —70°C.
Dot blot analysis and RNA quantitation
RNA (2 to 4 .tg) was transferred to Genescreen Plus mem-
branes and then fixed by baking for two hours at 75°C. Hybrid-
ization and washing were performed as described previously
[26]. The values of optical density were determined from dot
blots using Image Quant with a Computing Densitometer (Mo-
lecular Dynamics, Sunnyvale, California, USA). These values
were normalized by dividing the optical density of a blot
hybridized with hsp7O by a corresponding blot hybridized with
polythymidylate (poly T) probe. All the experiments of RNA
analysis were repeated more than three times and typical data
were presented in the results.
Probes
The cDNA probe for hsp7O is a 1400-base pair fragment
isolated from Chinese hamster ovary cell line [27], which was
provided by Dr. Michael J. Blake (Laboratory of Molecular
Genetics, National Institute on Aging, Baltimore, Maryland,
USA). The /3-actin probe (Oncor, Gaithersberg, Maryland,
USA) is a 770bp fragment of chicken origin. These probes were
labeled with deoxycytidine 5'-[a-32P]triphosphate (Amersham,
Arlington Heights, Illinois, USA) using a Random Primed DNA
Labeling Kit (Boehringer Mannheim, Indianapolis, Indiana,
USA) as based on the method of Feinberg and Vogeistein [28].
A poly T probe labeled with thymidine 5'-[a-35S]triphosphate
(Du Pont, Boston, Massachusetts, USA) was used to estimate
relative mRNA content [29].
Measurement of cytotoxicity
The cytotoxic effects of heat shock and compounds used in
this study on PTE cells were evaluated by lactate dehydroge-
nase (LDH) activity as described previously [30]. Total LDH
activity was determined by lysing cells with 0.1% Triton X-lOO
and determining the activity in the lysate. Results were ex-
pressed as percent of total activity.
Fig. 1. Changes in [Cd- J in PTE subjected to heat shock. Graphs represent mean [Ca2]1 values calculated from 340/380 nm ratios of images
obtained from DIFM. A and B. Results which are typical of cells heated at 42 to 43°C in normal Ca2 HBSS. A. Points indicated with arrows were
obtained from the images shown in (B). B. Ratloed images obtained before and at 10, 25, and 40 minutes after the temperature was increased. These
cells did not die before the experiment was discontinued due to loss of fura-2 intensity. Magnification: x 514. C. The effect of treatment in low-Ca2
HBSS. D. The effect of treatment in Ca2-free HBSS. E and F. The effect of I /sM ionomycin. Points indicated by arrows in (E) correspond to
images in (F). F shows ratioed images obtained at 0, 0.5, 10 and 25 minutes after addition of 1 LM ionomycin. For the ratioed images, increases
in grey scale intensity correspond to increases in [Ca2'11. Magnification: x 514. Each experiment was repeated more than five times and typical
results were shown in these panels.
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Results
Changes in [Ca2 j1fol1owing heat shock and treatment to
modify [Ca2]1
In normal Ca2 HBSS, cells held at 37°C showed little change
in [Ca2], morphology, or viability for up to 100 minutes. At 42
to 43°C, [Ca2]1 levels increased by 10 minutes in most cells and
continued to gradually increase thereafter. Figure 1 A and B
show a typical experiment. Since loss of fura-2 fluorescence
from rat PTE cells, a problem at 37°C, was even more rapid at
42 to 43°C, it was seldom possible to continue to measure
[Ca2]1 until the cells died. Cell killing was estimated by nuclear
staining of propidium iodide to be 10 to 30% after one hour.
Cells treated at 37°C in low-Ca2 HBSS showed no change in
[Ca2i, morphology, or viability up to 90 minutes. Cells
exposed to 42 to 43°C in low-Ca2 HBSS showed slight
elevations in [Ca2]1, as shown in Figure 1C, with few cells dead
by 60 minutes. [Ca2]1 levels in cells in Ca2-free HBSS (+
EGTA) at either 37°C or 43°C remained constant or declined
slightly during [Ca2] measurements, but these cells became
swollen and a few cells were dead at 60 minutes. Results of a
typical 43°C experiment are shown in Figure lD. Cells treated
with 1 LM ionomycin in normal Ca2-HBSS at 37°C underwent
a transient increase in [Ca2]1 which peaked at about 500 n by
0.5 minutes, returned to 0-time levels by 1.0 to 1.5 minutes, and
then gradually increased. Results of a typical experiment are
shown in Figure 1 E and F.
Induction of the hsp70 gene following heat shock
and ionomycin
The hsp7O probe used in this study can detect both inducible
hsp7O and constitutively expressed hsc73 [311. Northern anal-
ysis showed hsp7O (at 3 kb) was strongly induced after heat
shock at 42.5°C, and that hsc73 (at 2.4 kb) was slightly inducible
by heat shock (Fig. 2A). Following heat shock at 42.5°C, the
hsp7O mRNA increased within 15 minutes and continued to
increase with approximately 18-fold induction at three hours
(Fig. 2B). The hsp7O mRNA also increased within 15 minutes
following 1 iM ionomycin, although the magnitude of induction
(approximately 3-fold at 1 hr) was much less than following heat
shock (Fig. 3). In contrast to heat shock, it peaked at one hour
and then decreased thereafter. The hsc73 was not induced by
ionomycin.
Effects of [Ca2]e and [Ca2]1 on hsp70 induction following
heat shock
As shown by the results above, increases in [Ca2] following
heat shock were markedly reduced when cells were heated in
either low-Ca2 or Ca2-free HBKHB. We next examined the
effect of [Ca2]e on hsp7O induction. The results are shown in
Figure 4. The level of hsp7O induction in Ca2-free HBKHB
was reduced to 64% of normal media, while it was less
significantly reduced in low-Ca2 HBKHB. Although EGTA
treatment did not result in significant changes in viability within
30 minutes, it did result in morphological changes and this
prompted us to load cells with quin-2 as a less injurious method
to prevent changes in [Ca2]1. The results showed that 30
minute preloading with 10 M of quin-2/AM markedly reduced
hsp7O induction following heat shock and that 30 to 50 /LM of
this compound almost completely inhibited it (Fig. 5).
For most of this study, mRNA was isolated after 30 minutes
of heat shock although Nissim et al demonstrated that maximal
hsp7O mRNA levels occur three hours after 15 minutes of heat
shock in cultured renal cells [32]. We also treated cells with heat
for up to three hours. Our results showed large increases in
hsp7O during this period with little difference in the amount of
hsp7O accumulated with any of these treatments. Since hsp7O
mRNA has a slower turnover time than most mRNA and many
factors are probably involved in its induction, we concluded
that heat shock for a shorter time period (30 mm) would be more
suitable to demonstrate whether Ca2 or protein kinases have
some effect on the kinetics of hsp7O mRNA induction.
The effects of inhibitors of protein kinases and calmodulin on
hsp7O induction following heat shock
Several inhibitors of protein kinases and calmodulin were
used to modify the phosphorylation state of cellular proteins,
since protein kinases are known to often regulate the induction
of genes and be related to Ca2t A commonly used protein
kinase C (PKC) inhibitor, H-7, which also has an affinity for
cyclic nucleotide-dependent protein kinases [33], had an inhib-
itory effect on hsp7O induction following 30-minute heat shock
in a dose dependent manner (Fig. 6). The induction level was
decreased to 63% of control levels by 30 jiM of H-7 and to 42%
by 100 jiM. Another PKC inhibitor, staurosporine, which inhib-
its tyrosine kinases and cAMP-dependent protein kinase, as
well as PKC, also diminished induction (data not shown).
Calphostin C was next used in order to examine whether the
effect of H-7 or staurosporine derives from the inhibition of
PKC or other kinases, since this compound is 1,000 times more
inhibitory to PKC than cAMP-dependent protein kinase and
tyrosine-specific protein kinase [34]. The results clearly dem-
onstrated its inhibitory effect on hsp7O induction in a dose-
dependent manner (Fig. 7). Two different protein kinase inhib-
itors, genistein and 2-aminopurine, were further examined.
Genistein has been shown to be a tyrosine-specific kinase
inhibitor against epidermal growth factor receptor, pp6lY°
and ppl l0°° [35]. It has also been demonstrated to inhibit
the activation of HSF in NIH 3T3 cells and human colon cancer
cell lines [13, 36]. As expected, genistein also reduced the hsp7O
induction dose-dependently in rat PTE cells (Fig. 8). The
induction level was inhibited to below 50% of the control by 50
JiM of genistein. 2-Aminopurine is a highly selective inhibitor of
protein kinase activity, which is known to inhibit two protein
kinases, the heme-regulated and double-stranded RNA-depen-
dent eukaryotic initiation factors (eIF)-2a kinases [37]. As
shown in Figure 9, 10 m of 2-aminopurine almost completely
inhibited hsp7O induction by heat shock. In contrast, a calmod-
ulin inhibitor, chlorpromazine (10 jiM), had no inhibitory effects
on the hsp7O induction, but a higher dose (30 JiM)increased it
slightly (Fig. 10). All the data of inhibitors of protein kinases
and calmodulin are summarized in Table 1.
Cytotoxic effects of heat shock and compounds on PTE cells
Figure 11 shows LDH release from treated PTE. Each
experiment was repeated more than three times and data were
expressed as mean + SD. Treatment with heat shock at 42.5°C
for 30 minutes or with 1 jiM ionomycin for 30 minutes resulted
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Fig. 2. induction ofhsp7o mRNA following heat shock. Cells were heated at 42.5°C up to three hours in normal Ca2 HBKHB. (A) Northern blots
are shown. Alter hybridization with the 32P-radiolabeled hsp7O probe, membranes were stripped and rehybridized with the 32P radiolabeled actin
probe. The arrow indicates the heat shock cognate (hsc73). (B) Dot blots are shown. RNA was hybridized with 35S radiolabeled polythymidylate
(poly T) probe as a control for mRNA quantitation and loading as well as 32P radiolabeled hsp7O probe. (C) The graph shows relative levels of
optical densities of dot blots after normalization with poly T probe (see MATERIAL AND METHODS). The value of 0 time (no heat shock) was
assigned an arbitrary unit of 1.
in 12.9% and 15.8% of LDH release, respectively. Other
compounds showed neither cytotoxic nor cytoprotective effect
on PTE cells following 30-minute heat shock. EGTA appeared
to have a slight cytotoxic effect on control cells (no heat shock),
although it was not significant.
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Discussion
The present data demonstrate that heat shock induces rapid
increases in [Ca211 in primary cultures of rat PTE cells.
Previous studies have reported that similar Ca2 increases
occur following heat shock in various types of cells, such as
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Fig. 3. Induction of hsp7o mRNA following ionomycin treatment. Cells were treated with I M ionomycin in normal Ca2 HBKHB at 37°C.
Northern blots (A), dot blots (B), and the graph (C) are shown as described in the legend of Figure 2. The arrow in (A) indicates the heat shock
cognate (hsc73).
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Fig. 4. The effect off CaJe on hsp7o mRNA induction following heat shock. Cells were heated at 42.5°C for 30 minutes in normal (1.25 mM) Ca2
HBKHB (N), in low (<10 sM) Ca2 HBKHB (L), or Ca2-free (low Ca2 HBKHB + 0.1 mM EGTA) HBKHB (No). The control (C) represents
cells incubated for 30 minutes at 37°C. Northern blots (A), dot blots (B), and the graph (C) are shown as described in the legend of Figure 2. In
the graph, the value of HBKHB + normal Ca2 (N) was assigned an arbitrary unit of 1.
B
hsp70
polyT
Fig. 5. The effect of(Ca'-j on hsp7O mRNA induction following heat shock. Cells were incubated with 0, 10, 30, and 50 &M of quin2/AM at 37°C
for 30 minutes before heat shock treatment (30 mm at 42.5°C). Northern blots (A), dot blots (B), and the graph (C) are shown as described in the
legend of Figure 2. In the graph, the value of 0 sM was assigned an arbitrary unit of 1.
Drosophila cells [161, Chinese hamster ovary cells [18], HA-l
Chinese hamster fibroblasts [17], and mouse C3H 1OT1/2 cells
[19]. All these studies suggest that heat-induced Ca2 increase
is a universal phenomenon among cells. However, the mecha-
nism by which Ca2 increases upon heat shock may vary in
different cells. Our results showed that [Ca2}1 elevation follow-
ing heat shock is markedly reduced or completely abolished in
a 1ow-Ca2 or Ca2-free medium, suggesting that the elevation
mainly depends on influx of [Ca2ie in rat PTE cells. Similar
findings have been demonstrated in rabbit PTE cells in that
most of the [Ca2]1 increases seen following treatment with
HgC12 or KCN with iodoacetate are prevented by using a low
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Fig. 6. The effect of H-7 on hsp7o mRNA induction following heat shock. Cells were treated with 0, 30, 50, and 100 jM of H-7 at 37°C for 15
minutes before heat shock treatment (30 mm at 42.5°C). Northern blots (A), dot blots (B), and the graph (C) are shown as described in the legend
of Figure 2. In the graph, the value of 0 M was assigned an arbitrary unit of 1.
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Fig. 7. The effect of calphostin C on hsp70 mRNA induction following heat shock. Cells were treated with 0, 1, 2, and 3 LM of caiphostin C at
37°C for 15 minutes before heat shock treatment (30 mm at 42.5°C). Northern blots (A), dot blots (B), and the graph (C) are shown as described
in the legend of Figure 2. In the graph, the value obtained with 0 M was assigned an arbitrary unit of I.
Ca2 medium [21, 22]. In contrast, in Drosophila melanogaster
cells, [Ca2]1 increased in response to heat shock in a Ca2-
free, EGTA-buffered medium, but at the same time, no [Ca2i
increases were observed when those cells were depleted of
Ca2 by preincubation in the same medium with ionomycin
[16]. Internal pools of Ca2, probably within the endoplasmic
reticulum, mainly contribute to Ca2 increases following heat
shock in Drosophila melanogaster cells even if the amount of
[Ca2ie is negligible. In HA-I fibroblasts, inositol lipid metab-
olism appears to be involved in heat-induced Ca2 increases. A
rapid increase of inositol 1, 4, 5-triphosphate following heat
shock precedes initial [Ca2]1 increases, while later accumula-
tion of phosphatidic acid, another metabolite of this metabolic
pathway, is shown to be correlated with the delayed increased
C
actin
hsp7O
B
1.2
1.0
— 0.8
CS
0.6
e
< 0.4
0.2
0.0
Caiphostine C, pM
C 0
C 0 1 2
1.2-.
1
t 0.8-
S
0.6-'
C 0 25 50 100 2001.IMSfl C 0 25 50 100 200
• • • • • • Genistein,uM
A
hsp7o
polyT
C 0 25 50 100 20OtM C
Fig. 8. The effect of genistein on hsp7o mRNA induction following heat shock. Cells were treated with 0, 25, 50, 100, and 200 LM ofgenistein for
15 minutes at 37°C before heat shock treatment (30 mm at 42.5°C). Northern blots (A), dot blots (B), the graph (C) are shown as described in the
legend of Figure 2. In the graph, the value of 0 M was assigned an arbitrary unit of 1.
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Fig. 9. The effect of 2-aminopurine on hsp7O mRNA induction following heat shock. Cells were treated with 0, 10, and 20 mM 2-aminopurine for
15 minutes at 37°C before heat shock treatment (30 mm at 42.5°C). Northern blots (A), dot blots (B), and the graph (C) are shown as described in
the legend of Figure 2. In the graph, the value of 0 m was assigned an arbitrary unit of I.
influx of Ca2 from the extracellular environment [201. Inositol
1, 4, 5-triphosphate is known to release Ca2 from the endo-
piasmic reticulum and phosphatidic acid has been shown to
increase the permeability of the plasma membrane [38]. From
this evidence, the source of heat-induced Ca2 increases in
HA-i fibroblasts appears to be both intracellular and extracel-
lular Ca2t In contrast, Kiang, Koenig and Smallridge [39] have
recently demonstrated that heat shock activates the Na-Ca2
exchange system on the cell membrane in human epidermoid
A43 1 cells, that the initial influx of Ca2 following heat shock is
due to the activation of this system, and that this influx then
simulates Ca2 mobilization from intracellular pools. Although
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Fig. 10. The effect of chiorpromazine on hsp7o mRNA induction following heat shock. The cells were treated with 0, 10, and 30 /hM of
chiorpromazine for 15 minutes at 37°C before heat shock treatment (30 mm at 42.5°C). Northern blots (A), dot blots (B), and the graph (C) are
shown as described in the legend of Figure 2. The arrow in (A) indicates the heat shock cognate (hsc73). In the graph, the value of 0 M was
assigned an arbitrary unit of 1.
Table 1. Summary of the effects of inhibitors on hsp7O induction
following heat shock in rat PTE cells
Inhibitors Target of inhibition
Inhibition of
hsp7O induction
H-7 PKC
Cyclic nucleotide-dependent
kinases
+
Calphostin C PKC +
Genistein Tyrosine-specific kinase +
2-Aminopurine Protein kinasesa +
Chlorpromazine Calmodulin —
a heme-regulated and ds RNA dependent eukaryotic initiation factors
(eIF)-2a kinases
it is not yet known what mechanism is involved in heat-induced
Ca2 changes in rat PTE cells, influx of [Ca2Je seems to play
a much more important role than redistribution of intracellular
Ca2 pools. This finding was not surprising since there is a
limited amount of releasable Ca2 in mitochondria and endo-
plasmic reticulum in cultured PTE.
Although Ca2 has been implicated in the signal transduction
of the transcription of genes such as c-fos, c-fun, and c-myc
[40—431, its role in hsp7O induction remains unclear. Our results
clearly demonstrate that 1 LM ionomycin can induce hsp7O
mRNA, but not hsc73. Previous reports have shown that the
calcium ionophore, A 23187, induces the 80- and lOO-kDa
proteins, which are probably the glucose-regulated proteins, in
chicken pectoralis muscle cells [44] and HeLa cells [45]. In
those studies, A23 187 was used at higher concentrations (4 to 7
/LM) for a longer time period (2 to 4 hr), conditions which are
lethal for rat PTE cells. However, there have been no reports
that the calcium ionophore can induce the hsp7O gene. As
shown by our results, 1 iM ionomycin results in a rapid
induction of hsp7O with its maximal induction (about 3-fold
induction) at one hour, although the level of induction is much
less than that of heat-shocked cells. Our results also indicated
that [Ca2]1 increases precede the hsp7O induction in either
heat-shocked or ionomycin-treated cells. It has been well
documented that the transcriptional activation of hsp7O gene
requires the interaction of the HSF to the HSE. While the HSF
constitutively binds to the HSE in yeast cells [14], the HSF can
bind to the HSE only upon stresses, such as heat shock in
Drosophila and human cells [14, 46]. Recent reports have
demonstrated that Ca2 is essential for the binding ability of
HSF to the mouse HSE upon heat shock in NIH 3T3 cells [13],
and also that increased Ca2 per se induces the binding of HSF
to the human HSE in HeLa cells even without heat shock [47].
From these studies, it is reasonable to assume that Ca2 may
have a regulatory function in hsp7O gene induction in animal
cells. The present results, that the hsp7O induction was reduced
by lowering [Ca2]e and abolished by buffering [Ca2]1 by
quin-2 loading, further support the implication of Ca2 in the
regulation of hsp7O gene induction in rat PTE cells. The
suppression of hsp7O induction was more pronounced with quin
2-loading than in Ca2tfree medium, although we demonstrated
that increases in [Ca2i following heat shock were prevented in
Ca2tfree medium. Since there were no [Ca2] increases seen
during heat shock in the Ca2-free medium, at least two
possibilities are suggested: extracellular EGTA may produce
additional injury and/or intracellularly-trapped quin-2 may
lower [Ca2]1 to a greater extent than the extracellular EGTA.
Either heat shock or ionomycin may cause not only increases in
[Ca2]1 but also other changes, such as protein denaturation, in
cells which are also required for hsp7O induction. Lamarche,
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Fig. 11. Changes in viability of PTE in
response to heat shock and other treatments
used in this study. LDH release was measured
on the medium after 30 minute treatment of
the cultured PTE at 37°C or 42.5°C. All
treatments were performed in HBKHB with
normal [Ca211 except the EGTA treatment
(N = 3). From left to right: C, control (no
additions); 1 JM ionomycin (37°C only); 0.1
JM EGTA + low Ca2 HBKHB; cells
preloaded for 30 minutes with 30 M quin-2/
AM; 50 M H-7; 2 LM calphostin C; 100 /LM
genistein; 10 mM 2-aminopurine; 30 sM
chlorpromazine.
Chretien and Landry [48] have also reported that lowering
[Ca2]e by EGTA inhibits the synthesis of heat shock proteins,
including HSP7O in rat hepatoma cells. In contrast, EGTA has
been shown to have no effect on the synthesis of HSP72 and
HSP7O in hamster fibroblast cells [49]. The difference of the
effect of [Ca2]e may be simply due to the difference of cell type
and perhaps in intracellular Ca2 pools; however, it remains
unknown since neither study determined [Ca2] levels. An-
other possible explanation of Ca2 involvement may be asso-
ciated with calmodulin, since HSP7O has been shown to have a
calmodulin-binding site [50]. HSP7O itself is regarded as a
possible regulatory factor of the hsp70 gene induction by
interacting with denatured proteins and possibly with the HSF
[51]. It is, therefore, likely that calmodulin inhibitors affect the
affinity of HSP7O for denatured proteins or HSF, leading to
alterations in the transcriptional activation of hsp70. In the
present study, however, chiorpromazine showed little effect on
the hsp7o induction.
It is well known that protein phosphorylation is involved in
the regulation of the induction of certain genes [37, 40—421,
which is often associated with increased [Ca2]1 [40—42]. It has
been reported that the HSF requires phosphorylation for being
transcriptionally competent in yeast and human cells [14]. It has
also been demonstrated that the inositol lipid metabolism is
activated upon heat shock in Drosophila cells [20], resulting in
the release of diacyiglycerol, a known physiological activator of
PKC, and that heat shock increases the activity of cytosolic
PKC in rat embryo fibroblasts [52]. From this evidence, it is
reasonable to assume that phosphorylation events or protein
kinases may be also involved in the regulation of hsp7o induc-
tion in rat PTE cells. Our results clearly demonstrated this
assumption. The phosphorylation event in rat PTE cells ap-
pears to involve several protein kinases, including PKC, ty-
rosine specific kinases, and possibly other kinases, but not
calmodulin-dependent kinases. Tyrosine-specific kinase seems
to have more universal effects among cell types, since it has
been shown to inhibit hsp7O induction in other types of cells [13,
36]. Genistein is suggested to inhibit the transcriptional activa-
tion of hsp7O through the inhibition of the phosphorylation of
the HSF in NIH 3T3 cells [13]. Staurosporine and H-7 have also
been shown to reduce the heat-induced HSP7O synthesis in
human mononuclear cells [53]. In contrast, the effect of the
kinases sensitive to 2-aminopurine seems to be more cell-type
specific, since it has no effect on hsp70 induction in human
MG63 osteosarcoma cells [37]. Further studies are required to
clarify the mechanism involved in the phosphorylation event.
In conclusion, [Ca2], rapidly increases following heat shock
in a [Ca2]e-dependent manner, and this increase in [Ca2]1
appears to play a regulatory role in hsp7O induction in rat PTE
cells in coordination with the activation of protein kinases.
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